Spin-polarized currents represent an efficient tool for manipulating ferromagnetic nanostructures but the critical current density necessary for the magnetization switching is usually too high for applications. Here we show theoretically that, in magnetic tunnel junctions having electric-field-dependent interfacial anisotropy, the critical density may reduce down to a very low level (,10 4 A cm 22 ) when the junction combines small conductance with the proximity of free layer to a size-driven spin reorientation transition. The theory explains easy magnetization switching recently discovered in CoFeB/MgO/CoFeB tunnel junctions, surprisingly showing that it happens when the spin-transfer torque is relatively small, and provides a recipe for the fabrication of magnetic tunnel junctions suitable for industrial memory applications.
Spin-polarized currents represent an efficient tool for manipulating ferromagnetic nanostructures but the critical current density necessary for the magnetization switching is usually too high for applications. Here we show theoretically that, in magnetic tunnel junctions having electric-field-dependent interfacial anisotropy, the critical density may reduce down to a very low level (,10 4 A cm 22 ) when the junction combines small conductance with the proximity of free layer to a size-driven spin reorientation transition. The theory explains easy magnetization switching recently discovered in CoFeB/MgO/CoFeB tunnel junctions, surprisingly showing that it happens when the spin-transfer torque is relatively small, and provides a recipe for the fabrication of magnetic tunnel junctions suitable for industrial memory applications.
S
pin-polarized currents flowing in conductive ferromagnets exert a pseudo-torque on the magnetization, which results from spin-momentum transfer 1, 2 . In layered magnetic nanostructures, this spin-transfer torque (STT) effect gives rise to current-driven magnetization precession 3 and even to magnetization reversal 4, 5 . Among such nanostructures, magnetic tunnel junctions (MTJs) comprising ferromagnetic electrodes separated by an ultrathin insulating interlayer are of special interest. Indeed, MTJs are currently employed in modern hard-disk drives and represent a promising basic element for the development of an electric-write nonvolatile memory with nondestructive readout 6 . Importantly, they have two stable magnetic states (e.g., with parallel and antiparallel electrode magnetizations) which may display very different electrical resistance due to spin-dependent tunnelling. The phenomenon of tunnelling magnetoresistance (TMR), with TMR ratios of over 600% achieved at room temperature 7 , provides reliable readout of the logic state. This feature, being combined with practically unlimited endurance and very high thermal stability of information storage in MTJ-based memory cells, could make MTJs ideally suited for the next generation of non-volatile memories.
However, the current density necessary for the magnetization reversal providing the data writing is typically too high (,10 6 A cm 22 ) for industrial applications 6, 8 . Only recently, Wang et al. discovered an easy electric-fieldassisted magnetization switching in perpendicular-anisotropy Co 40 Fe 40 B 20 -MgO-Co 40 Fe 40 B 20 junctions, which requires small current densities , 10 4 A cm 22 (ref. 9) . In their experiments, a constant biasing magnetic field was applied to the junction, and reversible switching between parallel and antiparallel orientations of electrode magnetizations has been achieved by voltage pulses of the same polarity but different height. The authors attributed this unipolar switching to voltage-induced modification of perpendicular magnetic anisotropy, which can greatly reduce the coercivity. It should be emphasized that, although the electric field penetrates into metals to a distance of the order of atomic dimensions only, significant electric-field-induced changes in the surface/ interface magnetic anisotropy energy were observed experimentally and predicted theoretically for various ferromagnetic films and heterostructures [10] [11] [12] [13] [14] [15] . In this study, we develop a theoretical description of the voltage-driven magnetization switching in junctions having electric-field-dependent interfacial anisotropy. The theory focuses on MTJs with electrodes made of cubic ferromagnets, which are distinguished by the presence of size-induced spin reorientation transitions (SRTs) at room temperature. Special attention is given to junctions with perpendicular-to-plane magnetizations of ferromagnetic electrodes (p-MTJs), which can be stabilized by the interfacial magnetic anisotropy 16 or substrateinduced lattice strains u (ref. 17) , but qualitatively similar results are obtained for in-plane magnetized MTJs (see Supplementary Information). It is shown that the critical current density needed for the STT-driven magnetization reversal becomes small when the following three conditions are satisfied simultaneously: (i) the initial thickness-strain state of the ''free'' electrode is close to an SRT, (ii) the applied bias voltage enhances proximity to this SRT, and (iii) the junction has relatively low electrical conductance. Importantly, the application of external magnetic field is not necessary for easy voltage-driven magnetization switching, as the same role plays the magnetic coupling between two electrodes.
Results
We studied voltage-driven switching for typical MTJs having two stable magnetic states at zero bias, which correspond to parallel (P) and antiparallel (AP) electrode magnetizations. In an MTJ-based memory cell, the magnetization M of one electrode (termed ''free'' layer) changes its orientation during the writing process, whilst the magnetization M fixed of another electrode (''fixed'' layer) remains constant. For MTJs with nanoscale dimensions, we may assume that the free layer is homogeneously magnetized up to the saturation magnetization M s and switches through the coherent mode. Hence the magnetization dynamics in a free layer traversed by a spin-polarized current can be described by the Landau-Lifshitz-GilbertSlonczewski equation
where c is the gyromagnetic ratio, m 0 is the permeability of the vacuum, a is the dimensionless damping parameter, and H eff 5 2(1/m 0 )hF/hM is the effective magnetic field defined by the Helmholtz energy density F of the free layer. The last two terms in Eq. (1) allow for the current-induced spin-transfer torque (STT) and field-like torque (FLT), respectively 18 . These torques depend on the voltage V applied to the junction 2, 19, 20 and should be divided by the free layer volume when substituted into Eq. (1). Importantly, in MTJs with the interfacial anisotropy sensitive to electric field in the tunnel barrier, H eff becomes a voltage-dependent quantity as well.
The analysis of Eq. (1) was restricted to free layers made of cubic ferromagnets, which have the typical (001) crystallographic orientation in the paramagnetic state. Using the expansion of the energy density F in terms of direction cosines of M given for such layers in ref. 21 , we calculated the field H eff . The presence of magnetic coupling between the free and fixed layers was quantified via the introduction of an effective interaction field H int allowing for both the magnetostatic interaction 22, 23 and the exchange coupling 1 . Assuming small deviations from the equilibrium magnetization orientation existing at zero applied voltage, we reduced Eq. (1) to a system of linearized equations. An analytic relation was then derived for the Jacobian matrix A of this system of equations. Using this relation, we calculated two eigenvalues of A, which determine stability of the initial magnetic state. The analysis of these eigenvalues demonstrated that the P and AP states become unstable when the trace of the Jacobian, tr(A), goes to zero. Hence the critical voltage destabilizing the initial magnetic state can be found by solving the equation tr(A) 5 0.
In the case of p-MTJs ( Fig. 1) , the linearized system of equations describing small deviations of M from the initial [001] or ½00 1 direction (orientation angle h 5 0 or 180u) was found to be independent of the voltage-induced part of t FLT . Accordingly, by setting tr(A) to zero, we obtain an equation for the critical STT destabilizing the initial magnetization orientation. In the coordinate system (x 1 ,x 2 ,x 3 ) with the x 3 axis orthogonal to the tunnel barrier, the critical value of t STT satisfies the relation
Here and below the upper and lower signs correspond to the P and AP states of MTJ, respectively, H 3 is the out-of-plane component of the external magnetic field H, N ik (i,k 5 1,2,3) are the demagnetizing factors of the free layer, and the critical field H c . 0 is given by the formula Equation (2) represents a general relation for the critical voltages V P and V AP of the P R AP and AP R P switching processes in the absence of thermal activation. It should be noted that, in our approximation, the field-like torque influences these voltages via a zero-bias contribution to the interaction field H int only. Based on the results of first-principles calculations 11 , a linear variation of the interfacial anisotropy constant K s with the electric field intensity E in the tunnel barrier can be assumed. This yields the voltage dependence of K s in the form K s~Ks0 zk s V=t b , where k s~L K s =LE 3 is the sensitivity of interfacial anisotropy constant to the electric field, and t b is the barrier thickness. In this paper, the bias voltage V is taken to be positive when the electric field in the barrier is directed from the free layer surface to that of the fixed one (Fig. 1) . It should be noted that, as demonstrated by the first-principles calculations 11, 25 , the magnetic moments of surface atoms in metallic ferromagnets also change in the presence of electric field in an adjacent dielectric. Hence the saturation magnetization M s in the free magnetic layer should be regarded as an electric-field-dependent quantity as well. However, for the CoFeB-MgO-CoFeB junctions with t f , 1.5 nm, which are considered in this paper, the voltage-induced variations of M s appear to be negligible. Indeed, from the data obtained for an ultrathin Fe 50 Co 50 film contacting the MgO layer 25 it follows that the change in the free-layer magnetization M s is less than 1% even at the junction's breakdown field E break < 1.7 V nm 21 (ref. 9 ). The dependence of STT on the bias voltage also can be approximated by a linear one (constant torkance) 2 . Accordingly, we can represent t STT as t STT~c ( =e)G STT V=t f , where e is the electron charge, is the Planck constant, and G STT is the normalized torkance having the dimension of conductance per unit area. The theoretical studies demonstrate that G STT should strongly depend on the height U b and width t b of potential barrier, electron effective mass m b in the tunnel barrier (which may differ markedly from the free electron mass m e ), and on physical properties of electrodes 2, 26 .
, where P is the spin polarization, and G P is the MTJ conductance per unit area in the P state 2 .
In the linear approximation, the critical voltages defined by Eq. (2) become
where H c0 5 H c (V 5 0). Therefore, the critical current densities for the P R AP and AP R P switching processes can be found as J P 5 G P (V P )V P and J AP 5 G AP (V AP )V AP , where G AP is the MTJ conductance per unit area in the AP state. Equation (4) shows that the voltage-dependent interfacial anisotropy facilitates one of the switching processes (P R AP or AP R P) and hinders the other. Since the magnetization of the fixed layer usually can be reversed by sufficiently strong magnetic field, it is possible to magnetize an MTJ in such a way that the current-induced switching hindered by the interlayer magnetic coupling will be facilitated by the interfacial anisotropy.
According to the available experimental data 9, 15 , in the case of CoFeB-MgO-CoFeB junctions the sensitivity k s should be negative in our free-energy formulation, where the out-of-plane magnetization orientation is favoured by negative K s . Hence the electric-fielddependent interfacial anisotropy facilitates P R AP switching and hinders AP R P one in these MTJs. 9) so that the second term is expected to be much larger than the first one, which implies strong effect of the electric-field-dependent interfacial anisotropy on critical voltages and currents. Importantly, the coercive field H c0 involved in Eq. (4) decreases drastically in the vicinity of size-induced or strain-driven SRT. At K 1 . 0, such SRT has the form of an abrupt transition between perpendicular-to-plane and in-plane magnetization states 21, 24 , and the rela-
can be derived for the coercive field of free layer at H 5 H int 5 0, where t* is the critical thickness at V 5 0 given by Eq. (S4) (see Supplementary Information). We see that H c0 reduces as t f tends to t* but remains finite at this first-order transition. Nevertheless, the coercive field H c0 and, therefore, the critical voltages and currents can be strongly reduced by fabricating MTJs with an optimum free layer thickness close to t*.
To demonstrate this effect, we calculated the critical voltage and current for the P R AP switching in a representative CoFeB/MgO/ CoFeB junction. The torkance G STT was evaluated as a function of the junction's conductance G P under the assumption of elastic tunneling 2 for the spin polarization P 5 0.577 corresponding to TMR 5 100%. The relationship between G P and the barrier thickness 4), we found the critical voltage V P and current density J P as a function of the junction's conductance G P . Figure 2 shows that, irrespective of this conductance, both V P and J P decrease significantly as the free layer thickness t f approaches the critical value t* > 1.67 nm. This decrease results from a thickness-induced reduction of the coercive field
. It should be noted that, since t* , K s0 , both the minimum critical voltage V P (t*) and the slope hV P /ht f of its thickness dependence are independent of the interfacial anisotropy constant K s0 . Indeed, the same feature is characteristic of the critical current density J P .
On the other hand, the reduction of conductance is accompanied by a drastic decrease in the current density J P and increase in the voltage V P at all studied thicknesses t f . Remarkably, very low critical current densities J P # 10 4 A cm 22 are predicted for junctions with G P # 10 8 V 21 m 22 . However, such easy current-induced switching can be realized only when the free layer thickness t f is sufficiently close to t* so that the voltage V P does not exceed the junction's breakdown voltage V break .
It should be emphasized that the bias voltage V applied to a ferromagnetic layer with electric-field-dependent interfacial anisotropy can induce an SRT as well 11 . In the case of negligible interlayer coupling and K 1 . 0, the calculation gives the following relation for the voltage V* at which the perpendicular-to-plane and in-plane magnetization states acquire the same energy:
Since at V 5 V* the energy minima corresponding to these states are separated by a potential barrier, the 90u magnetization switching actually occurs at a higher bias voltage (jVj . jV*j), which makes the initial state unstable (by transforming an energy minimum into a maximum) or reduces the barrier height to a level surmountable by thermal fluctuations. Moreover, expressing V* through the critical thickness t*, we find that V Ã~{ (K s0 t b =k s )(t Ã {t f )=t Ã . Therefore, the switching voltage is expected to be smaller than the MTJ breakdown voltage only at thicknesses t f close to t*. In the case of CoFeBMgO-CoFeB junctions, for instance, V break < 2 V (ref. To reveal peculiarities of the magnetization switching occurring in the presence of interlayer coupling or external magnetic field, we analyze the voltage-induced evolution of the free layer energy density DF as a function of the angle h between the magnetization M and the x 3 axis. Figure 3 shows representative energy profiles DF(h) calculated for a CoFeB-MgO-CoFeB junction with the interlayer coupling characterized by the interaction field H int 3 5 50 Oe. It can be seen that, at V 5 0 and at negative voltages not exceeding the threshold V th > 21.02 V, the energy minima exist only at h 5 0u and h 5180u, which correspond to the perpendicular-to-plane magnetization orientations parallel and antiparallel to the magnetization of the fixed layer, respectively. At higher negative voltages, however, an intermediate minimum corresponding to almost in-plane magnetization direction appears at 70u , h , 90u. Furthermore, at V 5 V c > 21.49 V, the energy minimum at h 5 180u, which is related to the AP state disadvantaged by the interlayer coupling, transforms into a maximum. Therefore, the voltage V c can induce a switching of the free layer magnetization in an MTJ having initially the AP state. In this case, the free layer magnetization M will rotate by about 96u and acquire almost in-plane orientation. Remarkably, the reduction of voltage back to V th will give rise to further magnetization rotation towards h 5 0u because the intermediate minimum disappears at this voltage. Thus, a voltage pulse of sufficient height (jVj . jV c j) can induce the AP R P switching facilitated by interlayer coupling. It should be noted that the influence of STT on the AP R P switching in a CoFeB-MgO-CoFeB junction with H 20 junctions subjected to an external magnetic field 9 . At the same time, the appearance of an intermediate energy minimum between h 5 0u and h 5 180u might interrupt the P R AP switching initiated by the spin-polarized current. Indeed, the STT and FLT torques destabilizing the initial P state may be insufficient for the escape from this energy minimum. Then, at the critical voltage V P given by Eq. (4), the free layer magnetization M will acquire almost in-plane orientation instead of being rotated by 180u. Moreover, owing to the interlayer magnetic coupling, M will rotate back to the initial direction after completion of the voltage pulse. In this situation, which is beyond the scope of the present paper, the actual voltage needed for the P R AP switching may be higher than V P . Hence Eq. (4) In this work, p-MTJs with the free layer thickness t f 5 1.6 nm and the barrier thickness t b 5 1.2 nm were subjected to voltage pulses in the presence of external magnetic field H 3 5 55 Oe. It was found that the sequence of unipolar pulses with the duration d p 5 200 ms and magnitude alternating between 20.9 V and 21.5 V reversibly switches this MTJ between P and AP states. The P R AP reversal was attributed to an STT created by the spin-polarized current, whilst the AP R P switching was explained by a voltage-induced reduction of coercive field 9 . At the same time, the substitution of K s0 5 21. 27 for the switching probability P(T) shows that V c (T) can be estimated using the equality
where U b is the height of the barrier hindering the escape of magnetization from the minimum at h 5 180u, f 0 , 10 9 Hz is the attempt frequency, and the factor j > 5 ensures P > 1. By studying the voltage-induced evolution of the energy profile DF(h) we found that V c > 21.4 V at T 5 300 K and d p 5 200 ms, which agrees well with the experiment.
The critical current needed for the STT-driven magnetization switching reduces significantly in the presence of thermal activation as well 6 . From the general theory of thermally assisted magnetization reversal 28 it follows that the critical STT strength at a finite temperature is given by the formula t STT (T) 5 t STT (T 5 0) [1 2 k B T ln(d p f 0 / j)/U b ], where t STT (T 5 0) is defined by Eq. (2). Accordingly, the critical voltage V P (T) of the P R AP switching calculated in the linear approximation differs from V P (T 5 0) by the factor 1 2 k B T ln(d p f 0 / j)/U b . Since the discussed MTJ has the conductance G P < 1. .
Discussion
In this work, we have shown that the electric-field-dependent interfacial magnetic anisotropy has a strong effect on the STT-driven magnetization reversal in MTJs with a low conductance. Depending on the sign of its sensitivity k s to electric field, the varying interfacial anisotropy facilitates either the P R AP or AP R P switching, reducing the critical current density down to ultralow values # 10 4 A cm 22 . Surprisingly, this easy magnetization reversal occurs when the spin-transfer torque is rather small. Although the reverse process may be strongly hindered and even prohibited by the change of interfacial anisotropy, it can be realized via the voltage-induced two-stage magnetization rotation facilitated by the interlayer magnetic coupling. Such switching, however, is an exclusive feature of tunnel junctions distinguished by the proximity of free layer to the size-induced SRT. Thus, the theory provides a recipe for the fabrication of MTJs suitable for commercial electric-write nonvolatile magnetic random access memories.
